BRAIN RESEARCH SCOPEAND PURPOSE BRAIN RESEARCH provides a medium for the prompt publication of articles in the fields of neuroanatomy, neurochemistry, neurophysiology, neuroendocrinology, neuropharmacology, neurotoxicology, neurocommunications, behavioural sciences, molecular neurology and biocybernetics. Clinical studies that are offundamental importance and have a direct bearing on the knowledge ofthe structure and function ofthe brain, the spinal cord, and the peripheral nerves will also be published.
Introduction
Despite the fact that the sense of smell is common to nearly all creatures in the animal kingdom and is centered in a portion of the brain that is thought to develop early in phylogeny, the understanding of odor processing and the mechanisms controlling integration of odor-associated memories and emotions is quite limited. Only a few positron emission tomography (PET) studies [36, 37] and a few preliminary functional magnetic resonance imaging (FMRD studies 12'7, have been published using smell stimulation. These studies have shown either an increase in regional blood flow (pEf) or activation of cerebral voxels (FMRD in the orbitofrontal regions (right more than left) with odor stimulation.
-C*..ponding author. Fax: + 1-215-662-3283:E-mail: vousem @ oasis.rad.uDenn.edu 0006-8993/99/$see front matter O 1999 Elsevier Science B.V. All rights reserved. PII: S0006-89 93(98)0127 We sought to analyze the effects of gender on cortical activation with odor-stimulated FMRI (osFMRl) studies' Doty et al. have shown that women tend to perform better than men across all age groups in tests of odor identification and odor detection thresholds 15,1-91. We hypothesized that, compared to men, women would show an increase in the number of activated voxels with OSFMRI.
Materials and methods

Subject selection
All subjects were initially screened for any possible causes of smell dysfunction prior to being invited to enter the study. The subjects completed a standardized handedness survey [4] to insure that they were all right-handed. All subjects also underwent odor identification testing with the 40 item University of Pennsylvania Smell ldentifica-tion Test (UPSIT) (20 items each nostril) to ensure that their sense of smell was appropriate for age [5-Z] . The project was reviewed and approved by our hospital's institutional review board and patients completed informed consent forms.
Eight right-handed women (mean age 25.3 years old, range 2O-44, S.D. 8.3 years) were compared with eight right-handed men (mean age 30.5, range 18-37, S.D. 6.5 years) to examine gender effects. The scores of the women on the 40 item UPSIT ranged from 33-39 with a mean of 38.5 and S.D. of 1.1 and the men's values ranged from 3l-40, mean 35.'7, and S.D. of 2.1. As groups, these values fall within expected norms for age and gender [13] .
FMRI protocol
The studies were performed on a 1.5 T GE Horizon echospeed scanner. Localization for the FMRI studies consisted of a Tl-weighted (TlW) sagittal scan with repetition time (f^) of 500 msec, time to echo (Zu) 11 msec, and 1 average(sOO/fi/I). fnis scan was followed by an axral 500 /ll /1 scan with a 192 x 256 matrix and 5 mm thick interleaved sections through the entire brain. These conventional Tl-weighted axial images were used for performing anatomic overlays. An echoplanar chemical shift imaging sequence was also performed to measure the magnetic field within the brain of the subject. This information was used to correct for spatial shifts and distortion in the echoplanar images that can cause misalignment with the Tl-weighted anatomic images.
Functional MRI studies were performed in the axial plane using multislice gradient echo echoplanar imaging. Scan parameters included a 64x 40 matrix, 24x15 cm2 field of view, Z* of 3000 msec, Tu of 30 msec, 5 mm thickness, and a 90'flip angle, delivering a voxel resolution of approximately 4x4 x5 mm3. A total of 120 images were acquired at each of 24 slice locations per paradigm over the course of a 6 min FMRI scan. Each task paradigm consisted of 10 alternating rest-stimulus cycles (30 s each) over the 6 min.
Olfuctory stimulant deliuery
Olfactory stimuli were delivered to the patient using a Burghart OM4-B olfactometer (Wedel, Germany) with a continuous flow method (4 l/min). This machine delivers the stimulants through tubing terminating in a nose piece inserted into the patients' nostrils. The nose piece is similar in size to oxygen nasal cannula tubing; however, the air flow and humidity can be precisely regulated by the olfactometer [26] . Odors were delivered to both nostrils for 1 s every 4 s during the 30 s 'on-period'. During the 30 s 'off-period', the patient received room air at the same flow rate.
Before and after each scan, the subject completed a questionnaire as to the perceived quality and intensity of the stimulants used. This step helped to ensure that odor delivery had occurred in a consistent, reliable manner.
To study the effects of gender we used agents (eugenol. phenyl ethyl alcohol, or phenyl ethyl alcohol alternating with hydrogen sulfide) that are relatively selective for olfactory nerve stimulation in the nose. These odorants are rarely detected by anosmics (who cannot detect olfactory nerve stimulants but can detect trigeminal nerve stimulants) or by subjects trained to detect trigeminal stimulation in the nose 19,251. In total there were 10 paradigms employing the phenyl ethyl alcohol-hydrogen sulfide combination, three paradigms employing just phenyl ethyl alcohol, and two paradigms employing eugenol alone (total : 15) performed in the women. The same number and type of paradigms were performed in the men. The paradigms were repeated in five women and six men for studies of reproducibility.
Data analysis
The FMRI raw echo amplitudes were saved and transferred to a SUN Ultrasparc i (SUN Microsystems, Mountain View, CA) for off-line reconstruction using in-house software developed in IDL (Research Systems, Boulder, CO). Conection for image distortion and alternate k-space line errors was performed on each image on the basis of data acquired during phase-encoded reference imaging. Statistical parametric maps (SPMs) were generated using SPM96 116,17,19,201(from the Wellcome Dept. of Cognitive Neurology, London, UK) implemented in Matlab (Mathworks, Sherborn, MA, USA), with an IDL (Research Systems, Boulder, CO) intedace. The IDL interface was developed in-house in collaboration with the UMDNJ FMRI lab (Newark, NJ). The Tl-weighted images were normalized to a standard atlas (Talairach space). The functional data sets were motion corrected (intra-run realignment) within SPM96 using first-and second-order motion conection, as well as a first-order correction for spin history, using the first image as the reference [15, 18] . The functional data sets were normalized to Talairach space using image header information to determine the 16parameter affine transform between the functional data sets and the Tl-weighted images in combination with the transform computed within SPM96 for the Tl-weighted anatomic images to Talairach space. The normalized data sets were resampled to 4 x 4 x 5 mm3 within Talairach space using sinc interpolation. A second realignment step (inter-run realignment) was then performed (within SPM96) between successive normalized runs within each subject, using the initial normalized run as the reference. This was done to eliminate motion between the successive runs within each subject. The data sets were smoothed using a 8 X 8 X 10 mm3 full-width at half-maximum Gaussian smoothing kernel, and SPMs were generated using the general linear model within SPM96 [16, 18] . A 6 s timeshifted box-car waveform was used as the reference paradigm, and the ANCOVA model with global activity as a confound was employed for the statistical analysis. In addition, high pass and low pass filters were employed as confounds within the analysis. The resulting set of images represent statistical parametric maps of the t statistic SPM{I}. Individual SPMs were generated for every run for each subject. The SPM{r} were transformed to the unit nonnal distribution SPM{Z}. Group SPMs were also constructed across subjects for each condition using the smoothed normalized data sets. The thresholded SPMs were overlaid onto the anatomic normalized images for display within IDL. Temporal smoothing and detrending were performed as parl of the SPM analysis.
Volumetric analysis was performed at a threshold of p : 0.05 for each group-averaged map and the number of voxels activated was computed for the right and left frontal and temporal lobes. The superior and posterior margins of the Sylvian fissures were used as the boundaries for the temporal lobe. The central sulcus posteriorly and Sylvian fissure inferiody were used to delineate the frontal lobe.
To determine whether the ratios of activation were dependent on the threshold set, the group maps were also evaluated at p-values of 0.025, 0.015, and 0.01.
For the volumetric analysis for individual maps (Tables 4 and I) the number of voxels activated at a p-value of 0.01 was computed for the right and left inferior and superior frontal lobes, the right and left perisylvian regions, the right and left inferomedial temporal lobes, and the right and left cingulate gyri. These regions were defined using standard neuroanatomic landmarks. The superior and posterior margins of the Sylvian fissures were used as the boundaries for the temporal lobe, and the central sulcus posteriorly and Sylvian fissure inferiody were used to delineate the frontal lobe. The inferior frontal lobe was defined as that portion of the frontal lobe below the genu of the corpus callosum in the Talairach maps. The inferior frontal lobe included the orbitofrontal, frontopolar and gyrus rectus regions. The perisylvian region included the insula and the regions of the temporal lobe bounded by the sylvian fissure. The inferomedial temporal lobe was defined as that region that was located inferior and medial to the temporal horns of the lateral ventricles. This region included the entorhinal and piriform cortices, as well as the hippocampus and parahippocampus. Comparison of the activations levels observed for male and females was made in each of these 10 measured regions using the Mann-Whitney test ( Table 1 ). The Mann-Whitney test was used, as opposed to the f-test, due to the observed non-normality of the activations.
To assess whether the ratios of activation were dependent on the thresholds chosen, each individual map was assessed at p-values of 0.02, 0.01, and 0.005. The number of activated voxels above these thresholds were recorded for each of the 10 sites listed above and then subiected to the Mann-Whitney test.
Results
3.L Volume of actiuation
The activation in both male and female subjects was greater in the right frontal region than the left frontal region by a factor of over 4 (730 voxels vs. 157 voxels) for women and 8 (152 voxels vs. 19 voxels) for men when the group maps were thresholded at a p-value of 0.05 (tabte 2). The temporal lobe activation was slightly greater on the right for women (ratio 1.5/l) and on the left for men Table 2 Analysis of activation using group-averaged maps between men and women thresholded at a p-value of 0.05 Note that in all sites, women showed more activated voxels than men. The difference was most striking in the right temporal (peri-insular) regions (1.8/l). Both perisylvian regions showed the greatest degree of temporal lobe activation (Fig. 1) . The total number of voxels activated in the brain was 6.4 times greater for women than men, with the differences most prominent in the right temporal lobe and left frontal lobe ( Table 3 ). The frontal regions that were activated corresponded to Brodmann areas 6, 10, and 46. The activated perisylvian cofiex corresponded to Brodmann areas 6 and
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When these group maps were thresholded at p-values of 0.025, the right-sided predilection for activation persisted in men and women by a factor of 2.6 to 1 for the frontal lobe and 2 to I in the temporal lobe. At a p-value of 0.015, there were 4.4 times more activated voxels in the right frontal lobe than left and 1.9 times more voxels Table 4 Number of voxels activated in each region by subject (p-value threshold set at 0.01) SubJect RIF LIF RIMT LIMT RPS LPS RC LC RSF LSF activated in the right temporal lobe than the left. No voxels survived a threshold of p :0.01 in the group maps.
Incidence of actiuation
When individual subjects were studied, we found that all female subjects and seven out of eight male subjects showed some degree of activation, but the site of that activation varied widely. Six of eight men activated the right superior frontal region and the right perisylvian region ( Fig. 2) . Half of the men activated the left perisylvian and right inferomedial temporal zone. All other sites showed activated voxels in less than half of the men (taute s).
Individual activation maps in women demonstrated activated voxels in the right superior frontal region and right perisylvian region in all eight women. The other regions in which more than half the women showed activated voxels were the left perisylvian region, the left inferior frontal lobe and the right inferior frontal lobe (Table 5) .
When the Mann-Whitney test was performed to assess for differences between the sexes based on the volumes of activation in the individual maps when the thresholds were set at p < 0.01, women showed significantly morc activation in the right and left inferior frontal lobes than men. The increased activation in women over men remained statistically significant at p-values thresholded 0.005, 0.01, and 0.02, but the difference in right inferior frontal activation dropped out when the p-value for thresholding was set at 0.005. No other differences between the genders was noted. Overall activation was sreater in women at all Table 5 Number of subjects who showed activated voxels in various regions p-values but the Mann-Whitney test scores showed significance only at 0.07.
Discussion
l. Location of actiuation
Our results corroborate earlier FMRI findings that the right frontal lobe is intimately associated with olfaction 127,351. On group maps of the men and women, the right frontal lobe showed more activated voxels than the left in ratios from 2.6-8.0 to 1. In the right superior frontal lobes, the right side showed more activated voxels than the left in 11 of the 14 subjects who showed activation in this region ( Table 4 ). These findings at FMRI corroborate the PET literature in which right frontal dominance as measured by cerebral blood flow with the H2O'5 technique has also been demonstrated during olfactory stimulation [37] . Zatorre et al. have also demonstrated bilateral temporal lobe blood flow increases with olfactory stimulation, particularly in the peri-insula and piriform cortex regions [37] .
In a previous publication [35] , the site of activation was more medial and inferior to that seen currently on our study and in the recent paper of Sobel et al. [33] . We believe that this may be due to distortions in localization occurring due to susceptibility-related signal loss and different olfactory stimulation parameters. Head motion due to sniffing when odors are delivered through an oxygen mask [35] may also distort activation positioning. In any case, the sites of activation between the women and men were consistent in our study; the degree of activation was the main differentiating feature.
The bilateral nature of the temporal lobe activation was demonstrated also in this FMRI study. The right-left difference in temporal lobe activation was less striking (ratios less than 2.0) and less consistent than with the frontal lobes. The right perisylvian region demonstrated more or the same number of activated voxels in the left perisylvian zone in seven of eight women, and four of the six men who showed activation in this region. That the perisylvian region would be activated in these paradigms is not surprising since the insula has been associated with taste sensation (among other functions). Sobel et al. have also shown FMRI activation in these resions with olfactory stimulants [33] .
Gender effects on olfaction
Gender and age are known to have strong influences on the results of psychophysical tests of olfaction [5, [7] [8] [9] . One sees a progressive decline in odor identification ability in those subjects 60 years of age and older. As a group, women perform better than men on the UPSIT and on odor threshold tests at all age deciles [Z,Zt]. Women also have larger olfactory evoked potential amplitudes than men [14] and discriminate between odors more accurately ald with greatet assurance than men [21] . The FMRI correlate is a diminution in numbers of voxels activated in men compared with women.
On group maps at p-values set at 0.05 and 0.025 and individual maps set at 0.01, we found that women activate more voxels in the frontal and temporal lobes of their brain than men when presented with the same odorants (Tables 2  and 4 ). There was a statistically significant (p < 0.05) increase in right and left inferior frontal lobe activation in women over men when the individual analysis was performed using thresholds of p < 0.01 for activation and the left-sided inferior frontal difference was significant at activation thresholds with p-values of 0.005, 0.01, and 0.02. Women showed a greater volume of activation in toto than men in all sites except the inferomedial temporal lobes (Table 4 ) and a greater percentage of women showed activation in the frontal lobes and temporal lobes (1007o for both) than men O57o for both) ( Table 5 ).
Regional metabolism of the brain as measured by PET has been reported to differ between men and women at rest l22l afi during cognitive activity 122,231. Men appear to have greater resting glucose utilization in the temporal lobes (hippocampus, amygdala). occipital-temporal regions, basal ganglia, brainstem and cerebellum, whereas women have greater glucose utilization in the cingulate regions. Cerebral blood flow l23l and cerebral metabolic rate of glucose utilization [1, 3] as measured by PET tends to be increased globally in women compared to men, though the difference may not be statistically significant [1] . Contradictory findings have been reported. For example, Hatazawa et al. and Miura et al.124 ,301identified no sex differences in total brain glucose consumption or resting regional or global cerebral metabolic rate of glucose utilization, though there was some variance in glucose metabolism per unit volume. When the orbitofrontal regions were specifically tested, Andreason et al. [1] found greater rates of glucose metabolism in women than men during an auditory version of the continuous performance task.
While one might argue that the findings of greater FMRI activation in women seen in our study might be the result of a baseline increase in regional glucose utilization and/or blood flow in women, one recent study refutes this notion [28] . A blood oxygenation level dependent FMRI study utilizing photic stimulation was performed in eight right-handed men and women of similar ages. Women exhibited a statistically significant decrease in the volume and degree of activation in the occipital lobes [ZS] . fn another report by the same group, looking at a smaller sample, no gender effects were noted [32] , though the amplitude of activation was diminished in elderly subjects. Therefore, in sensory stimulation functional imaging studies, one cannot conclude that women, by virtue of higher global rates of glucose metabolism, will always show gteater FMRI activation than men. Each paradigm must be specifically tested.
Indiuidual us. group maps
We found interesting discrepancies between group-averaged maps and individual analyses. The group maps suggest that (1) by pooling data, activation that is occurring at low levels may reach significance in some areas while (2) areas of activation in single subjects may not be represented in group maps. As an example, though we identified entorhinal-piriform cortex activation in four men, the group maps showed no such activation. This may cause some difficulties when applying these data to subjects with abnormal senses of smell. When FMRI is applied to a test subject to assess for a 'normal response', one may be comparing that subject's individual analysis with that of the group norm. An area of activation on the test case may be present in many of the individual maps that make up the group norm yet not reach significance in the final group map. For these reasons, we believe it is important to report both individual and group-averaged activation results when performing FMRI studies such as these.
Significance
What is the value in studying cortical maps of olfaction? In addition to expanding the understanding of how the brain works and what circuits are integrated for a normal sense of smell, mapping of olfactory centers has important clinical implications. Patients suffering from dysosmia and parosmia are sometimes incapacitated by the disability associated with their chemosensory dysfunction. This can even affect the nutritional status of the individual; in some cases, an individual may fail to obtain the proper nutrition due to the unpleasant odors associated with food intake [13] . Knowing the potential sites for inducing changes in one's sense of smell prior to operating would be useful for surgeons who operate in the orbitofrontal regions (for craniofacial resections of head and neck cancers or skull base neoplasms like meningiomas) and periamygdaloid zones (for seizure focus or neoplasm resections). Specific deficits in olfaction may be shown to conelate with specific sites in the brain by FMRI and may help neurologists to better localize disease processes in advance of imaging.
There are also a whole host of diseases that can affect the sense of smell. Many of these diseases are neurodegenerative in nature and, since the sense of smell is affected in the aging process, FMRI data stratified by age will provide a framework upon which to study such entities as Alzheimer's disease, Parkinson's disease, Huntington's chorea, multiple sclerosis, Wernicke' s encephalopathy, and Korsakoff's psychosis l1O-I3,29,311. We have already demonstrated the marked diminution in brain activation under passive conditions of smell stimulation in subiects with Alzheimer's disease (Yousem, D.M., Geckle, R.J., Doty, R.L. Olfactory deficits in neurodegenerative disorders. RSNA 1995 Abstract #271).
The present work may provide a new avenue for screening individuals at risk for developing Alzheimer's disease (e.g., with apolipoprotein-E karyotype E-4 or with early memory loss) or other neurodegenerative disorders that affect olfaction. Already psychophysical tests have been able to identify a patient population at risk for developing Alzheimer's disease [2] . We have also noted a near-perfect correlation between the number of multiple sclerosis plaques in presumed 'olfactory eloquent' regions and deficits on odor identification tests [11] . As multiple sclerosis is the most common neurological disease in the young (along with schizophrenia and head trauma which we intend to study) and Alzheimer's disease is one of the most common in the elderly, we believe that pursuing imaging tests of olfaction is critical to understanding neuropsychological pathogenesis.
Olfactory stimulated FMRI may be able to detect brain deficits in patients with many of these neurological diseases at an earlier stage where pharmacological intervention may be of benefit.
Conclusion
Gender may have an effect on the results of FMRI studies employing olfactory stimulants. This effect should be considered when designing and interpreting OSFMRI studies in normal subjects and in patients with diseases that affect olfaction.
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